In order to increase the gross generation of wind turbines, the size of a tower and a rotor-nacelle becomes larger. In other words, the substructure for offshore wind turbines is strongly influenced by the effect of wave forces as the size of substructure increases. In addition, since a large offshore wind turbine has a heavy dead load, the reaction forces on the substructure become severe, thus very firm foundations should be required. Therefore, the dynamic soil-structure interaction has to be fully considered and the wave forces acting on substructure accurately calculated. In the present study, ANSYS AQWA is used to evaluate the wave forces. Moreover, the substructure method is applied to evaluate the effect of soil-structure interaction. Using the wave forces and the stiffness and damping matrices obtained from this study, the structural analysis of the gravity substructure is carried out through ANSYS mechanical. The structural behaviors of the strength and deformation are evaluated to investigate an ultimate structural safety and serviceability of gravity substructure for various soil conditions. Also, the modal analysis is carried out to investigate the resonance between the wind turbine and the gravity substructure.
Introduction
 Nowadays, the main source of energy in the world is fossil fuel. But the amount of fossil fuel is limited and the use of it causes environmental pollution and global warming. Thus, the studies of renewable energy such as hydro energy, wind energy, solar energy and geothermal energy are being carried out actively all over the world. The offshore wind energy has gained attention from many countries to find alternative and reliable energy sources, since the potential of offshore wind energy has been recognized for long and mostly associated with a nondestructive renewable energy. Therefore, many offshore wind farms are in the planning phase. Various studies have been conducted on wind energy [1] [2] [3] . In order to construct the offshore wind farms, the substructures supporting offshore wind turbines have to resist loads from wind and wave. However, the size of a substructure for wind turbines is gradually increased since the size of a tower and a rotor-nacelle becomes larger with increment of gross generation. In other words, the substructure is strongly influenced by the effect of wave forces and the safety of substructure is decreased. Therefore, it is very important to accurately calculate the wave forces acting on substructures.
In addition, since a large offshore wind turbine has heavy dead loads, the reaction forces on the foundations become severe, thus very firm foundations should be required. Therefore, the dynamic soil-structure interaction has to be fully considered. There are two main methods for the analysis of dynamic structure-foundation interaction, direct and substructure methods, as outlined by Wolf [4, 5] .
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In the present study, ANSYS AQWA is used to evaluate the wave forces acting on the gravity substructure for 5 MW offshore wind turbine, since Morison equation cannot accurately calculate the wave forces in case of the large substructure compared to a wave length. The substructure is significantly influenced by the wave steepness and wave slamming effects but they are not considered in the present study, because the wave breaking is not occurred for the design environmental wave conditions. The wave forces and wave run up on the substructure are presented for various wave conditions. Moreover, the substructure method is applied to evaluate the effect of soil-structure interaction with impedance coefficients as damping and stiffness matrices. Using the wave forces and the stiffness and damping matrices obtained from this study, the structural analysis of the gravity substructure is carried out through ANSYS mechanical. The structural behaviors of the strength and deformation are evaluated to investigate an ultimate structural safety and serviceability of gravity substructure for various soil conditions. The first few natural frequencies of substructure are heavily influenced by the wind turbine. Therefore, the first natural frequency of substructure is to be within the soft-stiff range in between the 1 P and 3 P frequency ranges. The rotor frequency (1 P) range lies between 0.115 Hz and 0.202 Hz, and the blade passing frequency (3 P) range lies between 0.35 Hz and 0.61 Hz. A safety margin of 10% on the maximum and minimum rotor speed is adopted, which means that, the allowable frequency is between 0.222 Hz and 0.31 Hz [6] . Therefore, the modal analysis is carried out to investigate the resonance between the wind turbine and the gravity substructure. It is found that, the suggested gravity substructure can be an effective substructure for 5 MW offshore wind turbines.
Formulation
The gravity substructure for 5 MW offshore wind turbine consisted of a concrete con type superstructure and a suction bucket foundation system as shown in Fig. 1 .
As the substructure mass increases, the interaction between the superstructure and foundation system intensifies, thus, the contribution to the structural response of the total system increases. An impedance function was used for analysis of the suction bucket-soil foundation system. Impedance coefficients as damping and stiffness matrices were applied to the equation of motion for the foundation system [7, 8] .
Applying substructure method, the pile-soil foundation system can be expressed with the impedance coefficients for two-dimension such as the horizontal direction, the rotational direction and the vertical direction as shown in Fig. 2 . The impedance coefficient denotes the relation between the dynamic reaction force and the corresponding displacements. The impedance coefficient related to the suction bucket system on relatively soft ground conditions can be represented as follows:
in which: 
where, the suffixs x, θ and z denote the component of horizontal direction, the component of rotational direction and the component of vertical direction, respectively. E p , G s , V s , D p and I p are the Young modulus, the shear modulus of subsurface ground, the shear wave velocity of subsurface ground, the diameter of pile and the moment of inertia of section, respectively. The impedance coefficients K p and C p denote the stiffness matrix and the damping matrix of foundation system. The relationship between the shear strength modulus-E s , and the shear wave velocity-V s , is expressed as follow:
in which, υ and ρ s denote the Poisson's ratio of soil and the density of soil, respectively. In the present study, the stiffness and damping coefficient of single pile, which has same thickness of suction bucket, is firstly obtained and it is assumed that, the around of suction bucket is consisted of 107 piles to express the suction bucket-soil foundation system, since the general solution to calculate the stiffness and damping coefficient on the suction bucket foundation system is not well known. Fig. 3 shows the comparison of wave forces on gravity substructure for various water depths. The water depth of LAT, MSL and HAT is 17.2 m, 20.48 m and 23.75 m, respectively. In the comparison, the calculated total wave forces are divided by incident wave amplitude (H/2). The wave forces on the gravity substructure with the water depth LAT are largest compared to the other cases. Since the wave force is closely related to the wetted surface of substructure and the water particle velocity near free surface is largest, the wave forces gradually decrease as the water depth becomes large. The peak wave force with water depth MSL and HAT decreases about 12% and 20% compared to the peak value of water depth LAT. Figs. 4 and 5 show the panel pressure and wave run up on gravity substructure. Since the significant wave period of southern-western sea in Korea is 12.42 s, the comparison of those is made at the same wave period. The panel pressure near the free surface is largest and the pattern of wave run up around the substructure is very similar for all cases.
Numerical Results and Discussion
Wave Force Evaluation
Wind Turbine Model and Environmental Loads
In the present study, NREL (National Renewable Energy Laboratory) 5.0 MW wind turbine model is selected for the structural safety analysis of gravity substructure. The details of NREL 5.0 MW wind turbine are provided in Table 1 . The total weights of turbine and the tower model are about 350 ton and 348 ton, respectively. The hub height is 82.72 m from MSL and the tower length is 68.0 m [9] . The height of gravity substructure is 32.7 m from seabed and the water depth (MSL) is 20.48 m as shown in Fig. 1 .
At the structural safety analysis, design code IEC 61400-3 is adopted and structure analysis is carried out according to the ultimate design loads condition 6.1a and 6.2a presented in Table 2 . DLC (design load cases) 6.1a and 6.2a present ultimate limit states for the parked (standing still or idling) state and grid loss state, respectively.
Environmental loads of wind and wave for the southern-western sea of the Korea peninsular are presented in Table 3 . Extreme wind and wave loads subjected to the gravity substructure are calculated based on the wind speed and the wave period of return period 50 years. 
Natural Frequency and Resonance
In order to evaluate the resonance between the wind turbine and the gravity substructure, the modal analysis is carried out. The soil conditions are expressed by using the Caltrans/NEHRP (national earthquake hazard reduction program) soil profile as shown in Table 4 [10]. Table 5 shows the stiffness and damping matrices on suction bucket-soil foundation system using substructure method. The natural frequencies and the mode shapes of gravity substructure present in Table 6 and Fig 6, respectively. Since the suction bucket stiffness increases as the shear-wave velocity of soil increases, the natural frequency is expected to increase with the velocity increments (V s30 ). Therefore, the natural frequency of the total system is directly dependent on the soil conditions of the foundation.
The natural frequency of gravity substructure system obtained from modal analysis is plotted against to the spectrum density of the turbine and the environmental loads in Fig 7. It is found that, the natural frequency of gravity substructure system with more than V s30 = 270 m/s is located between the rotor frequency range (1 P) and the blade passing frequency range (3 P). Therefore, there is no possibility of resonance between the wind turbine and the gravity substructure with more than V s30 = 270 m/s.
Structural Results
The loads at TP (transition pieces) due to extreme wind are presented in Table 7 . In the present study, the extreme values at TP for DLC 6.2a are used since they are the largest values compared to the other case. The gravity substructure is composed of concrete with 0.5 m thickness. The partial safety factor 1.35 is adapted for all cases [11] . Table 7 Extreme values at TP due to extreme wind. Using the wave forces from ANSYS AQWA and the wind loads at TP, the structural analysis of gravity substructure is carried out through ANSYS mechanical. For various water depths the structural displacement, the bending stress and the von-Mises stress with V s30 = 560 m/s are plotted at Figs. 8-10, respectively. Although the displacement and the von-Mises stress increase as the water depth becomes large, the bending stress decreases. The bending stress is concentrated at the connection part between circular cylinder and concrete cone. There is also large variation of bending stress. Therefore, this connection part should be examined explicitly for the reliable substructure design. The structural results are summarized at Table 8 . It is found that, the ultimate strength of gravity substructure system satisfies ULS design condition for various wave conditions.
Figs. 11-13 show the structural displacement, the bending stress and the von-Mises stress with water depth HAT for various soil conditions, respectively. Although the displacement decreases as the shear wave velocity of soil increases, the other results have very similar values. It means that, the displacement is strongly influenced by soil conditions but the structural stress is slightly influenced by soil conditions. The maximum bending stress and the von-Mises occurs at the connection part between TP and circular cylinder. The structural results are summarized at Table 9 . For various soil conditions, the ultimate strength of gravity substructure system also satisfies ULS design condition.
Conclusions
The gravity substructure with suction bucket foundation system for 5 MW offshore wind turbine is suggested to examine soil-structure interaction. Using the wave forces and the stiffness and damping matrices obtained from the substructure method, the structural analysis of the gravity substructure is carried out through ANSYS mechanical for various soil conditions. The results obtained from the present study are summarized as follows:
(1) Since the wave force is closely related to the wetted surface of substructure and the water particle velocity near free surface is largest, the total wave forces on gravity substructure gradually decrease as the water depth increases. Moreover, although the structural displacement is strongly influenced by soil conditions, the structural stress is slightly influenced.
(2) From the structural analysis of gravity substructure, it is found that, the gravity substructure system satisfy structural safety in respect of ULS. Also, the resonance between the wind turbine and the gravity substructure is not occurred.
Consequently, the suggested gravity substructure with suction bucket foundation system can be an effective substructure for reducing hydrodynamic effects and construction costs in the southern-western sea of the Korea peninsular.
(4) In the present study, the static structural analysis is only carried out. So the linearized initial stiffness is used for the analysis. However, next step the dynamic structural analysis will be performed with the nonlinear foundation stiffness.
